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As the Advisory Action is understood, claims 16-23 remain rejected under 35 U.S.C. 
§103 over Lill et al., alone, or in view of Poethke et al. 

The rejection is traversed. 

AppUcants disclose and claim a method for screening a compound that inhibits or 
enhances activity of an acetyltransferase to catalyze a reaction that transfers an acetyl group from 
one substrate to another. Applicants method, as amended herein, comprises: 

(a) contacting the acetyltransferase with a peptide substrate in a presence of a test 
compound, 

(b) detecting an amount of an acetylated peptide substrate using an anti-acetylated 
peptide antibody, wherein the anti-acetylated peptide antibody recognizes only an acetylated form 
of the peptide substrate and does not recognize to any appreciable degree the peptide substrate in 
its imacetylated form, 

(c) comparing the amoimt of the acetylated peptide substrate detected in step (b) with 
a control amount defined as an amount of an acetylated peptide substrate detected in an absence 
of the test compound, and 

(d) selecting the compound associated with an increase or decrease in the amount of 
the acetylated peptide substrate as compared to the control amount. 

The cited references, whether considered alone or in combination, do not teach or suggest 
the methods of the present invention. 

For instance, the antibodies of the present invention specifically recognize an acetylated 
peptide and do not recognize4o-any--appTjeciabl^jiegFee-ti^ form. 



In contrast, the antibodies reported by Lill et al., pAb421 and pAblSOl, bind to acetylated 
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p53 of a p53-p300/CBP complex, and also bind to unmodified p53. Indeed, these antibodies are 
commercially available and were raised ag ainst the C-terminal p e ptide and,N :iterminaLpeptide of 



In support of the afore-mentioned arguments, and to further illustrate the distinctions 
between the cited art and the present invention, Applicants submit herewith a copy of the 
following literature reference: Zaika et al., J. Biol Chem, 274(39): 27474-27480, 1999 (see 
Appendix B, attached hereto). 



In particular, attention is directed to that reference at pa ge 27475 , left colimm, last four 



Antibodies to p53 were monoclonals PAb 421, 1801, and DO-1 (Oncogene Science), 
which recognize epitopes amino acids 372-382 (421), 46-55 (1801), and 20-25 (DO-1). 

Additional reference is made to page 27478, in the legend of Fig. 4: 

Shown is the immunofluorescence of parental and transfectant cells with PAB 1801 (left 
column) and 421 (right column). Both antibodies are specific for endogenous p5 3. PAb 
421 is a modification sensitive antibody that recognizes its epitope (amino acids 372-382) 
in the unmodified states. Whereas PAb 1801 recognizes p53 in the cytoplasmic 
(parental) and nuclear (transfectant) compartment of LAN-5 cells, PAb 21 gives no signal 
or only a minimal signal. MDA 23 1 control cells are well recognized by 42 1 . X 400. 

Still further reference is made to page 27479, left column, at lines 23-24: 
Both PAb 1801 and PAb 421 antibodies are specific for endogenous p53. 



In view of the aforementioned arguments, the claimed invention clearly is not rendered 
obvious by Lill et al.; for example, by use of antibodies which recognize both acetylated p53 and 
unmodified p53, Lill et al. dojQQt,teach-or-suggest-antih o.dies that sp.ecificallv_recoCTize 
acetylated p53_aud do not recognize to any appreciable degree the unmodified p53. 




Clearly, these antibodies bind to 



unmodified p53. 



lines: 
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The Poethke document does not cure the deficiencies of the Lill document. Poethke 
merely reports an ELISA system, and does not disclose or otherwise suggest detection of an 
acetylated peptide substrate using an anti-acetylated peptide substrate antibody. Thus, even if the 
Lill et al. reference were combined with that of Poethke et al., the present invention would not 
have been obvious to the skilled artisan. 

Section 2143.03 of the Manual of Patent Examining Procedure, states in part: 

To establish prima facie obviousness of a claimed invention, all the claim limitations 
must be taught or suggested by the prior art. 

Indeed, Applicants' claimed methods include detecting an acetylated peptide substrate 
using an anti-acetylated peptide substrate antibody that recognizes an acetylated form of the 
peptide substrate and does not recognize to any appreciable degree the peptide substrate in its 
unacetylated form. 

In view thereof, reconsideration and withdrawal of the rejections are requested. 

It is believed the application is in condition for immediate allowance, which action is 
earnestly sohcited. 

Respectfully submitted, 

Christine C. O'Day (Reg. 38,256) . 

Peter F. Corless (Reg. 33,860) 

EDWARDS & ANGELL, LLP 

Dike, Bronstein, Roberts & Cushman IP Group 

P.O. Box 9169 

Boston, MA 02209 

(617) 439-4444 



Y. Taya et al. 
U.S.S.N. 09/618,424 
Page 6 



MARKED VERSION TO SHOW CHANGES 

IN THE CLAIMS 

Claims 16 and 23 were amended as follows: 

16. A method for screening a compound that inhibits or enhances activity of an 
acetyltransferase to catalyze a reaction that transfers an acetyl group from one substrate to 
another, the method comprising: 

(a) contacting the acetyltransferase with a peptide substrate in a presence of a test 
compound, 

(b) detecting an amount of an acetylated peptide substrate using an anti-acetylated 
peptide antibody, wherein the anti-acetylated peptide antibody recognizes only an acetylated form 
of the peptide substrate and does not recognize to any appredahle degree the peptide substrate in 
its unacetylated form, 

(c) comparing the amount of the acetylated peptide substrate detected in step (b) with 
a control amount defined as an amount of an acetylated peptide substrate detected in an absence 
of the test compound, and 

(d) selecting the compound associated with an increase or decrease in the amount of 
the acetylated peptide substrate as compared to the control amount. 

23. A kit for the screening method of claim 16 [23], comprising an anti-acetylated 
antibody. 



P53 Oncoprotein antibodies from Research Diagnostiris Inc http://www.researchd.com/tumorabs/cbl240x-htm 
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Return (alphabetical antibody index page) 
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ANTIBODIES 

(anti-Human and others as indicated) 

Research Diagnostics Inc offers a wide line of antibodies. Since no one antibody works best for all applications 
(neutralization, blotting, histochemistry, EUSA. etc), we offer many different types of antibodies to help solve this 
probi m. Please inquire for other applications or types of antibodies not listed below. 



MONOCLONAL ANTIBODIES TO p53 Oncoprotein: 
-FOR RESEARCH USE ONLY : 



available unlabelled or labelled as indicated -FT=nTC labeled -BT-biotin labeled 

custom corrugates may be available please inquire clone **=reactive on formalin fixed paraafin sections 



see indiyidu^^ chart 



; cat# ;| description 


clone 


isotype \ 


size 


i Rpi-CBL773 ;| mouse anti-P53 human (aa250-270) \ 


DO-12 


m!gG2bi 


200ug/2mll 


$300.00 


[RDI-CBL774 |[mouse anti-p53 human (56-65) 


DO-14** 1 


mIgGI \ 


200ug/2ml i 


$300.00 


RDI-CBL423 


mouse anti" p53 human 0 term 
(aa370-378) 


Pab122 


mIgG2bi 


200ug/2ml \ 


$300.00 


i 

RDI-CBL423BTi 

i : J 


mouse anti-p53 human C term:Biotin \ 
(aa370-378) 


Pabl22 


mIgG2b| 


1 0Otests 


] 

i 

$300.00 




RDI-CBL423FT j 


mouse anti-p53 human C term:nTC ; 
(aa370-378) 


Pab122 


mIgG2bi 


lOOtests 


\ 

$300.00 j 


i 

RDI-CBL429 

: 


mouse anti-p53 human 0 term 

(aa37 1-380) ! 


Pab421 


mIgG2aj 


200ug/2ml \ 


$300.00 


RDI-CBL429BT; 


mouse anti-p53 human G termiBiotin \ 
(aa37 1-380) 


Pab421 


mIgG2a| 


1 00 tests 1 


$300.00 


RDI-CBL429FT \ 


mouse anti-p53 human C termiRTC \ 
(aa371-380) ! 


Pab421 


mIgG2aj 


i 

100 tests ! 


$300.00 


RDI-CBL422 


mouse anti-p53 human N term ; 
(aa20-25) j 


BP53-12 


mIgG2aj 


200ug/2ml 1 


$300.00 


RDI-CBL422BTi 


mouse anti-p53 human N term:Biotin \ 
(aa20-25) \ 


BP53-12 


mIgG2a| 


lOOtests 


$300.00 


RDI-CBL422FT \ 


mouse anti-p53 human N termrRTC 
(aa20-25) 


BP53-12 


mIgG2a| 


i 

lOOtests 1 

j 


$300.00 


RDI-CBL420 


mouse anti-p53 human N term \ 
(aa32-79) 


Pab1801 


mIgGI \ 


i 

200ug/2ml j 


$300.00 


RDI-CBL420FTj 


mouse anti-p53 human N termiRTC \ 
(aa20-25) \ 


Pab1801 


mIgGI \ 


i 

lOOtests 


$300.00 j 


RDI-GBL404 jj 


mouse anti-p53 human (aa213-217) 1 


Pab240 i 


mIgGI { 


200ug/2ml i 


$300.00 1 
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Cytoplasmically "Sequestered" Wild Type p53 Protein Is Resistant to 
Mdiii2-mediated Degradation* 

(Received for publication, April 21, 1999, and in revised form, July 14, 1999) 
Alexander Zaika, Natalia Marchenko, and Ute M. MoUt 

From the Department of Pathology, State University of New York, Stony Brook, New York 11794 



The Mdm2 oncoprotein mediates p53 degradation at 
cytoplasmic proteasomes and is the principal regulator 
for maintaining low, often undetectable levels of p53 in 
unstressed cells. However, a subset of human tumors 
including neuroblastoma constitutively harbor high lev« 
els of wild type p53 protein localized to the cytoplasm. 
Here we show that the abnormal p53 accumulation in 
such cells is due to a profound resistance to Mdm2- 
mediated degradation. Overexpression of Mdm2 in neu- 
roblastoma (NB)^ cell lines failed to decrease the high 
steady state levels of endogenous p53. Moreover, exoge- 
nous p53, when introduced into these cells, was also 
resistant to Mdm2-directed degradation. This resistance 
is not due to a lack of Mdm2 expression in NB cells or a 
lack of p53-Mdm2 interaction, nor is it due to a defi- 
ciency in the ubiquitination state of p53 or proteasome 
dysfunction. Instead, Mdm2-resistant p53 &om NB cells 
is associated with covalent modification of p53 and 
masking of the modification-sensitive PAb 421 epitope. 
This system provides evidence for an important level of 
regulation of Mdm2-directed p53 destruction in viva 
that is linked to p53 modification. 



Controlling the stability of the p53 timior suppressor protein 
is crucial for an effective cellular stress response when needed 
and for keeping this dangerous molecule in check when not 
needed. p53 levels are largely regulated by interaction with 
Mdm2, a negative regulator of p53 and the product of a p53- 
inducible gene (1, 2). Posttranslational modification has been 
associated with stabilizing p53 protein during cellular stress 
responses. DNA damage induces specific phosphorylations on 
N-tertninal serine residues of p53 in viuOy possibly catalysed by 
various stress kinases, thereby preventing Mdm2 binding, 
which in turn alleviates transcriptional inhibition and stabi- 
lizes p53 by inhibiting its degradation (3, 4). As a consequence, 
p53 half-life prolongs firom minutes to hours (5). Conversely, 
tight regulation of p53 is critical for normal growth of un- 
stressed cells, in which p53 is a short lived protein (half-life, 
20-30 min) that is maintained at low, often undetectable levels 
through continuous degradation mainly directed by Mdm2. 
Hence, Mdm2 is largely responsible for the high p53 turnover 
in undamaged cells (6). Mdm2-mediated p53 degradation oc- 
curs through a ubiquitin-dependent pathway on cytoplasmic 



* This woric was supported by National Institutea of Health Grant 
ROl CA60664. The costs of publication of this article were defirayed in 
part by the payment of page charges. This article must therefore be 
hereby marked 'advertisement^ in accordance with 18 U.S.C. Section 
1734 solely to indicate this fact. 

t To whom correspondence should be addressed: Dept. of Pathology, 
State University of New York at Stony Brook, Health Science Center, 
Stony Brook, NY 11794. Tel.: 516-444-2459; Fax: 516-444-3424; E-mail: 
umoll@path.som.simysb.edu. 

^ The abbreviations used are: NB. neuroblastoma; GFP, green fluo- 
rescent protein; CBP, cAMP response element-binding protein. 



268 proteasomes (7, 8). Mdm2 functions as a p53-specific E3 
ubiquitin ligase in vitro (9) and this ubiquitination probably 
takes place in the nucleus on the large p300/CBP protein, 
serving as a scaffolding (10). 

Recent studies of p53 turnover using overexpression assays 
with p53 and Mdm2 mutants elucidated some structural re- 
quirements for Mdm2-dependent destruction of p53. Together, 
these studies reveal the importztnce of several regions on both 
proteins, particularly on the N and C termini, the precise 
contributions of which, however, are not all understood. A basic 
but insufficient requirement is a direct interaction between the 
two proteins through their N termini. An Mdm2-binding site 
mutant of p53 (conserved box I) is resistant to degradation by 
Mdm2 (1, 2). Crystailographic analysis of the interacting do- 
mains has shown a tight key-lock configuration (11), with p53 
domain amino adds 17-27 fitting deeply into a hydrophobic 
cleft of Mdm2. Also, Mdm2 shutties between the nucleus and 
the cytoplasm, and Mdm2-directed degradation of p53 depends 
on a functional nuclear export signal of Mdm2 (12-14). Lastiy, 
the C-terminal RING finger domain of Mdm2 is somehow re- 
quired, because deletion or mutations in this region act as 
dominant negative mutants and protect p53 from degradation 
by endogenous Mdm2 (15). In addition,- the pl4ARF protein, 
which binds to the C-terminal region of Mdm2, can inhibit 
Mdm2-mediated p53 degradation without disrupting the p53- 
Mdm2 complex (16-18), possibly due to inhibiting the E3 ubiq- 
uitin ligase activity of Mdm2 (19), To date, known require- 
ments on p53 include p53 tetramerization, which, although not 
absolutely required, enhances degradability, possibly via im- 
proved Mdm2 binding. A monomeric p53 mutant lost sensitiv- 
ity to degradation by Mdm2 (20). Also, the extreme C terminus 
of p53 (amino acids 363-393) is required, because p53 mutants 
with deletions of this region show constitutive Mdm2 resist- 
ance in unstressed cells due to an unknown mechanism (20). 

Certain human tumors, including neuroblastoma (21), 
breast cancer (22-24), colon cancer (25-27), and retinoblas- 
toma (28), as well as normal mouse embryonic stem cells (29), 
constitutively accumulate high levels of wild type p53 protein 
in their cytoplasm in the absence of stress. This is due to a 
dramatic increase in p53 half-life (>8 h in unstressed neuro- 
blastoma cells) (30), thereby stabilizing the protein. Thus, this 
phenotype is due to inefficient degradation of p53 rather than 
to increased S3mthesis. The cytoplasmic p53 accumulation is 
also the hallmark of a concomitant defect in p53 function in 
response to genotoxic stress (31, 32, 29) and, in fact, prompted 
its original observation (21, 22). We recentiy showed that this 
seemingly static sequestration of p53 is in fact not due to a 
blocked nuclear entry but due to a dynamic imbalance charac- 
terized by hjrperactive p53 export from the nucleus (33). Func- 
tional inactivation of p53 in response to stress is therefore to a 
large degree due to an inefficiency in nuclear retention of p53 
(31, 32, 29). Using human neuroblastoma cell lines, we show 
here that the aberrant constitutive p53 accumulation in these 
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cells is due to resistance to Mdin2-mediated degradation. This 
resistance is observed despite normal levels of Mdm2 protein, 
p53-Mdin2 complexes, and p53 ubiquitination. Instead, stabi- 
lization correlates with covalent modification of p53, character- 
ized by an acidic shift in the charge isoform profile of p53 and 
masking of its modification-sensitive 421 epitope. This system 
provides evidence for a novel level of in vivo regulation of p53 
destruction by Mdin2 linked to posttranslational p53 
modification. 

EXPERIMENTAL PROCEDURES 

Cell Culture and Reagents — The following cell lines were of human 
origin: the neuroblastoma lines LAN-5, SK-N-SH, IMR 32, CHP 134, 
and SK-N-AS exhibit constitutive cjrtoplasmic accumiilation of wild 
type p53 protein. The osteosarcoma line SaOs-2 is homozygously de- 
leted for p53; the neuroepithelioma line CHP 100 is de&dent for p53 
expression due to aberrant mRNA; the chronic myelogenous leukemia 
line ML-1, the fibrosarcoma line HT 1080, and the diploid immortal 
fibroblast line IMR 90 all contain low levels of functional wild type p53; 
and the colon carcinoma line RKO contains mildly elevated levels of 
functional wild type p53. The breast cancer lines MDA 231 and MDA 
468 harbor a R280K and R273K mutation, respectively. Mouse DM cells 
harbor an amplification of the Mdm2 gene (34). All cells were cultured 
in Oulbecco*s modified Eagle's medium/10% fetal calf serum. For p53 
ubiquitination, proteasome inhibitor MGlOl (50 mM) (Sigma) was 
added to the culture medium for 5 h before lysates were prepared. 
Baculoviral human wild type p53 protein was purified on a MonoQ 
column and appeared as a single band on silver gels. Various normal 
human tissues were collected at University Hospital Stony Brook dur- 
ing surgical resections and immediately snap fi-ozen after harvesting. 
Undifferentiated neuroblastoma tumors were previously described and 
collected in the same way (21). 

Plasmids — Human Mdm2 expression plasmids, all pCMV BamNeo- 
based (35), were kindly provided by Arnold J. Levine. HDM2 encodes 
wild type Mdm2 (36), G58A encodes a contact mutant of Mdm2 that 
abolishes its interaction with p53 (8), and mutant nuclear export signal 
encodes an export mutant of Mdm2, leading to its nuclear retention due 
to the change of two critical hydrophobic residues within the nuclear 
export signal (L205A and I208A) (12). N-terminally FIAG-tagged hu- 
man wild type p53 (Fwtp53) was generated by polymerase chain reac- 
tion using pC53-SN3 (35) as template. The sense primer contained a 
BamHl site upstream of the sequence encoding the FLAG octapeptide 
(5'-AG CAG TTG GGA TCC ATG GAC TAG AAG GAC GAG GAT GAC 
AAG ATG GAG GAG CCG CAG TCA GAT CCT AGC G-3'). and the 
antisense primer also contained a BamHI site (5'-TTA TTC GGA TCC 
AGA ATG TCA GTC TGA GTC ACiG CCC-30. The polymerase chain 
reaction product was cloned into pCMV BamNeo. The pFwtp53 plasmid 
was also used to construct the p53 C-terminal plasmids F305-360 and 
F320-360 by polymerase chain reaction overlap extension technique as 
described (33). The plasmid pcDNA3-Myc-ARF expressing human wild 
type pl4ARF fused to a Myc tag was described previously (37), Green 
fluorescent protein (GFP) expression plasmid (CLONTECH) was co- 
transfected in transient transfections to normalize relative transfection 
efBciency. 

Transfections — Cells were plated in 60-mm dishes and grown over- 
night to 80% confluence. Two mg of Mdm2 wild type or mutant-encod- 
ing plasmid was co-transfected with 0.4 mg of GFP-encoding plasmid 
and 0.6 mg of wild type p53-encoding plasmid or C^MV BamNeo empty 
vector using the LipofectAMINE Plus reagent (Life Technologies, Inc.) 
as recommended by the manufacturer. For transient transfections, cells 
were collected after 24 h, whereas stable transformants were selected 
by growth for 21 days in medium containing 0.5 mgAnl G418 (Life 
Technologies, Inc.), ring doned, and expanded into single cell clones. 
For Myc-pl4ARF expression, 2 mg of plasmid was used. 

Antibodies, Western Analysis, and Immunoprecipitation — Cell ly- 
sates from unstressed cells were prepared as described (31), subjected 
to 8% SDS-polyacrylamide gel electrophoresis, Euid transferred to nylon 
membranes. Immtmoblots were visualized by ECL (Pierce). Cell lysates 
(1 mg of total protein) were immunopredpitated with 1.5 ^ of the 
indicated antibody, incubated with 30 pi of protein G-agarose beads 
(Life Technologies, Inc.), washed five times in radioimmune precipita- 
tion buffer (50 mM Tris, 0.15 M NaCl, 1% Triton X-100, 0.1% SDS, 1% 
sodium deoxycholate, pH 7.4) and visualized as described (31). Antibod- 
ies to p53 were monodonals PAb 421, 1801, and DO-1 (Oncofirene 



Sdence), which recognize epitopes amino adds 372-382 (421). 46—55 
(1801), and 20-25 (DPI) . CM-1 is a polyclonal rabbit antibody raised 



against bacterial recombinant human wild type p53 (Vector). FLAG- 
tagged p53 constructs were detected with M2 (Eastman Kodak Co.). 
Mdm2 was detected with monoclonal IF2 (Oncogene Sdence). Other 
antibodies used were specific for vimentin (BioGenex), GFP (CLON- 
TECH), Myc (NeoMarker), DcBa (Santa Cruz), actin (Sigma), mouse IgG 
(Sigma), and Lamin A (CJhemicon). 

Immune- isoelectric Focusing — Crude cell lysates (2—20 rng), prepared 
by sonication without ionic detergents and low salt (37), were mixed 
with equal volume of 2X sample buffer (4.8 g urea, 120 ml each of 
ampholytes pH 4-6 and 5-7 (Bio-Lyte, Bio-Rad), 1 ml of 20% Triton 
X-100, 100 ml of 2-mercaptoethanol, 1 mg of bromphenol blue in 10 ml 
of HgO) 5 min before loading. Loaded lysates and pH markers (Bio-Rad) 
were overlaid with 1% mixed ampholytes and 5% sucrose to protect 
proteins firora the harsh pH conditions of the upper chamber. Ptoteins 
were resolved along a gradient of pH 7-4 on one-dimensional slab mini 
gels using polyacrylamide containing 8 M urea and 120 ml each of 
ampholyte pH 4-6 and pH 5-7 as described (38). The upper chamber 
buffer (500 ml of catholyte, 20 mM sodium hydroxide) and lower cham* 
ber buffer (500 ml of anolyte, 10 mM phosphoric add) were prepared 
firesh and degassed, and gels were run at 150 V for 30 min followed by 
200 V for 3 h. Gels were transferred to nylon membranes and p53 was 
detected by immunoblotting with DO-1. In parallel, equal aliquots were 
run on 8% SDS-polyacrylaroide gel electrophoresis gels followed by 
DO-1 inmumoblotting to verify p53 loading. 

Immunofluorescence — Subconfluent cells in PlOO dishes were refed 
4 h prior to caldum phosphate-mediated transfection with 20 mg each 
of p53 C-terminal peptide or empty vector DNA constructs. After over- 
night incubation, cells were aliquoted into polylysine-coated chamber 
culture slides (Becton Dickinson) and grown for an additional 24 h. 
Cells were immunostained as described (33) and examined with a 
Nikon scanning laser microscope. Expression of constructs was verified 
by FLAG antibodies and was reprodudble with transfection effidency 
over 50% (data not shown). 

RESULTS 

No Deficiency of Endogenous Mdm2 Protein in Neuroblas- 
toma Cells — To exclude the possibility that the constitutively 
high levels of wild type p53 protein in neuroblastoma (NB) cells 
are due to a lack of expression of its destabilizer Mdm2, we 
compared a panel of NB cells (SK-N-SH, LAN-5, IMR 32, CHP 
134 and SK-N-AS) with a broad range of other human cell lines 
(Fig- lA and data not shown). These made up four different 
types of p53 steady state levels, including p53-deficient cells 
(SaOs-2 and CHP 100), low levels of functional p53 (HT 1080, 
IMR 90, and ML-1), mildly elevated levels of functional p53 
(RKO), and markedly increased levels of mutant p53 due to a 
failure to induce Mdm2 (MDA 231 and 468). Fig. lA shows that 
steady state levels of Mdm2 protein in NB cells are comparable 
to Mdm2 levels in all other cell lines analyzed, with some 
variations in expression in both categories. The only exception 
was an undetectably low Mdm2 level in ML-1 cells (not shown) 
for reasons that are not clear. 

Mdm2 Interacts with p53 in NB Cells — A second possibility 
that could explain the abnormal stability of p53 would be a lack 
of interaction between p53 and Mdm2. To test this, we per- 
formed co-immunopredpitation assays &om LAN-5 cells with 
an Mdm2-spedfic antibody. Fig. IB shows the presence of 
p53-Mdm2 complexes indicating their interaction in vivo {lanes 
SaOs-2 and RKO). Moreover, the amount of complexed p53 in 
LAN-5 cells is similar to the amount in IMR 90 control cells 
(compare lanes RKO and HT108O). IMR 90 fibroblasts contain 
low levels of functional p53, indicating sensitivity to Mdm2- 
directed degradation. These data, demonstrate that the abnor- 
mal p53 stability in NB cells is not due to a lack of p53-Mdm2 
interaction. To further demonstrate that Mdm2 function is 
normal in NB cells, "we tested its ability to enter the physiolog- 
ically important interaction with pl4ARF. Fig. IC shows 
readily demonstrable in vivo complexes between Mdm2 and 
pl4ARF, co-immunoprecipitated from a stably expressing 
Mdm2 NB cell line (clone HDM2-2 of Fig. 2D) and transiently 
transfected with Myc-tagged pl4ARF- 
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Fig. 1. Abnormal p53 stability in neuroblastoma cells is not 
due to a deficiency of Mdm2, lack of p53-Mdm2 interaction, or 
lack of p53 ubiquitination. A, Mdm2 protein levels in NB cells are 
within normal range. NB ceU lines were compared with a broad array of 
other cell lines. These fall into 4 categories of p53 steady state levels 
including p53-deficient cells (SaOs-2), low levels of functional p53 (HT 
1080 and IMR 90)» mildly elevated levels of functional p53 (RKO), and 
markedly increased levels of mutant p53 due to a failure to induce 
Mdm2 (MDA 231 and 468). Lysates (100 mg) were subjected to immu- 
noblot analysis with anti-Mdm2 (IF2). DM cells are mouse 3T3 fibro- 
blasts with amplification of the Mdm2 gene and are shown for compar- 
ison. B, Mdm2 interacts with p53. Lysates (1 mg) of LAN-5 and IMR 90 
cells were subjected to immunoprecipitation with anti'Mdm2 (IF2) or 
mouse IgG (1.5 mg each) and co*precipitated p53 was detected with 
CM-1. Loading of the blot was normalized for equal intensities of p53 
bands between the two cell lines. C, Mdm2 in NB cells retains its ability 
to enter into complexes with a mcg'or physiologic partner, pl4ARF. 
Clone HDM2-2 (see Fig. 2D) was transiently transfected with a Myc- 
pl4ARF expression plasmid. Lysates (1 mg) were immunoprecipitated 
(JP) with 2 ;xg of anti-Myc or mouse IgG and immunoblotted with 
anti-Mdm2. Lane W represents an immunoblot only. D, p53 is properly 
ubiquitinated. Lysates (50 or 100 ;ig) from LAN-5 and ML-1 cells grown 



p53 from NB Cells Is Properly Ubiquitinated — Next we ex- 
amined whether p53 ubiquitination in NB cells is deficient, 
because poor ubiquitination of p53 could lead to its stabiliza- 
tion. Also, Mdni2 is a p53-specific E3 ubiquitin ligase in vitro. 
LAN-5 cells and ML-1 control cells, which contain low levels of 
p53 indicating Mdm2 sensitivity, were treated with the protea- 
some inhibitor MGlOl for 5 h. p53 stabilized in both cases to a 
similar degree (Fig. IC, top panel, lowest band). More impor- 
tantly, the ladder of polyubiquitinated p53 species were similar 
in LAN-5 and ML-1 cells (Fig. ID). This indicates that the in 
vivo ubiqmtination of p53, whether catalyzed by Mdm2 or some 
other E3 ligase, is functional in NB cells. Furthermore, these 
data also show that NB cells do not have a global functional 
defect of their proteasomes in processing ubiquitin-tagged pro- 
teins, because if this were the case, ubiquitinated p53 should 
have been easily detected even in untreated cells. To further 
confirm this point, we asked whether the processing of other 
proteasome-degraded proteins is normal in NB cells. IkBa, the 
cytoplasmic inhibitor of NFTcB, is a prototype protein undergo- 
ing ubiquitin-mediated proteasome degradation (39). Fig. IE 
shows that IkBa levels in NB cells are completely within the 
range of non-NB cells, indicating normal ubiquitin/proteasome 
processing in NB cells. Likewise, the same reasoning holds for 
Mdm2, the levels of which in NB cells are within normal range, 
as shown above (Fig. lA), because Mdm2 itself is degraded via 
the ubiquitin proteasome pathway (40). 

p53 Is Resistant to Ectopic Mdm2 in NB Cells — ^Although 
endogenous Mdni2 in NB cells is sufficiently expressed and 
enters into complexes with p53, it still left the possibility that 
Mdx[i2 had a specific defect in directing p53 destruction. We 
therefore asked whether the abnormal p53 stability could be 
overcome by overexpression of Ainctional ectopic Mdm2 pro- 
tein. SaOs-2 control cells (p53 nuU), transiently transfected 
with human wild type p53 (Fig. 2A, lane 2), showed a dramatic 
decrease in the endogenous p53 protein level when co-trans- 
fected with wild type Mdm2 (lane 3) but not with a p53-contact 
mutant of Mdm2 (G58A) {lane 4) as described previously (1, 2, 
12). In contrast, endogenous p53 protein from LAN-5 (Fig. 2B) 
and SK-N-SH (Fig. 20 was completely resistant to degradation 
by forced expression of wild type Mdm2 (Fig. 2, B and C, 
compare lanes 1 and 2 with lane 3), as well as to a nuclear 
export mutant of Mdm2 (Fig. 2, B and C, lane 4) and to a 
contact mutant of Mdm2 (Fig. 2, B and C, lajie 5). To confirm 
this result, we generated a series of stable LAN-5 subclones 
that overexpress either vector alone, wild type Mdm2, or con- 
tact mutant Mdna2. Of six wild type Mdm2 clones, all showed 
marked resistance of p53 protein toward degradation (Fig. 2D, 
compare lanes 2-5 with lanes 1, 6, and 7). Taken together, the 
data demonstrate that the abnormal stability of p53 in NB cells 
is due to a profound resistance of the p53 protein to Mdm2- 
directed degradation and strongly suggest that the principal 
defect lies in p53 and not in Mdm2. 

To further support this conclusion, we asked whether exog- 
enous human wild type p53, when transfected into NB cells, 
was also resistant to overexpressed Mdm2. Fig. 3 shows that 
this is indeed the case. FLAGr-tagged p53 (Fwtp53), when tran- 
siently transfected into SK-N-SH and LAN-5 cells, is markedly 
resistant to co-transfected wild type Mdm2, as it is resistant to 



in the absence (— ) of presence (+) of proteasome inhibitor MG 101 (50 
mm) for 5 h were subjected to immunoblot analysis with anti-p53 DO-1 
and anti-lamin A (loading control). E, neuroblastoma cells have a func- 
tional ubiquitin-proteasome pathway. Steady state levels of IkBa in NB 
cell lines are comparable to those firoro a broad range of non-NB tumor 
lines. Shown is an immunoblot (100 /ig of lysates) with anti-IkBa and 
anti-actin as loading control. 
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Fig. 2. Endogencma p53 is resistant to exogenous Mdni2 in NB cells. SaOa2 (A), LAN-5 (B), and SK-N-SH (O cells were transiently 
transfected with either wild type Mdin2 (HDM2), nuclear export mutant Mdm2 (mutant nuclear export signal (miNES)X pSS-contact mutant 
Mdm2 (G58A) or empty vector ivect). p53-deficient SaOs2 control cells were also co-transfected with wild type p53. GFP was co-transfected in all 
cases to normalize the expression. D, a series of stable LAN-5 svibdones that overexpress either empty vector, wild type Mdm2 (HDM2 clones), or 
p53-contact mutant Mdm2 (G58A clones). Lysates were subjected to immundblot analysis with anti-Mdm2 (.IF2X anti-p53 (DO-1), anti-GFP, and 
anti-vim en tin Goading control). 



contact mutant Mdm2 (Fig. 3, compare lane 2 with lane 3 and 
4). Together, these data show that the cellular environment of 
NB cells causes the loss of sensitivity of the p53 protein toward 
Mdm2~regulated turnover. 

p53 Resistance to Mdm2'directed Degradation Is Associated 
with Covalent Modification ofp53 — Because the above results 
imply the p53 protein itself in mediating its degradation defect, 
we investigated whether wild type p53 protein from NB cells is 
constitutively subject to altered posttranslational modification. 
Immune-isoelectric focusing is a commonly used technique to 
characterize charge isoform profiles of proteins. The hi^ urea 



content used in the polyacrylamide gels (8 m) ensures the 
elimination of protein-protein interactions as another potential 
source of charge alterations. Cell lysates from SK-N-SH and 
LAN-5 reveal an identical and specific shift in their p53 charge 
isoform profiles when compared with control p53 proteins de- 
rived from cellular (MDA 231) or baculoviral sources {Fig. 4A, 
left panel). Both NB lines show a shift in profile toward four 
prominent hj^jeraddic isoforms with isoelectric points (pi) 
ranging from about 4.6 to 5.3 (20 yg SH and 15 pg LAN-S). In 
contrast, both control p53 proteins exhibit inverted profiles (in 
relative proportions of the individual species) that are domi- 
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Fig. 3. Exogenous p53 is equally resistant to exogenous Mdm2 
in NB cells. SK-N-SH (A) and LAN-5 (B) cells were transiently trans- 
fected with FLAG-wild type p53 fusion protein (lanes 2-4X and either 
empty vector, wild type Mdm2 (HDM2). or contact mutant Mdm2 
(G58A). Lane 1 contains empty vector ivect') only. GYP was co-trans- 
fected in all cases to normalize the expression. Lysates were subjected 
to immunoblot analysis with anti>Mdm2, anti-FLAG, and anti-GFP. 

nated by more basic isoforms {2 ^ MDA 231 and 60 ng bac 
p53). Purified baculoviral human wild type p53 {60 ng bac p53) 
has been shown to exhibit identical posttranslational modifica- 
tions to normal cellular p53 (41). Mutant p53 from MDA 231 
cells (2 fjtg MDA 231) harbors a charge-neutral R280K ex- 
change with loss of transactivating function. MDA 231-derived 
p53 was chosen to show that p53 modification is not a conse- 
quence of abnormal stability (which in this case is caused by 
the inability of mutant p53 to induce Mdm2). Both profiles 
consist of several tightly packed coalescing isoforms with pis 
ranging firom 6 to 6.5, whereas the hyperacidic species so char- 
acteristic for NB cells make up only a minor fraction. Con- 
versely, the presence of the basic species in NB cells was not 
consistent and, even when present, presented only minor frac- 
tions. Supporting these data, on SDS-polyacrylamide gel elec- 
trophoresis gels, ne\xroblastoma tumors and NB cell lines ex- 
hibit two p53 bands after rmmunoprecipitatdon, which are best 
seen with the polyclonal CM-1 antibody. Of these, the domi- 
nant p53 species rims slower than the faster migrating single 
p53 species present in normal human tissues and ML-1 cells 
(Fig. 4B, compare lanes 5—7 with lanes 2-4, and data not 
shown). The observed modifications are consistent with aber- 
rant phosphorylation and/or acetylation or other less common 
acidifying modifications. rRNA moieties, covalently bound to a 
small subset of p53 polyjjeptides on ribosomes of normal cells in 
the Gi phase of the cell cycle (42), are excluded because RNase 
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Fig. 4. p53 resistance toward Mdm2-directed degradation is 
asscMnated with covalent modification of p53. A, left panel, one- 
dimensional immune isoelectric focusing ilEF) of lysates from SK-N-SH 
(SH), LAN-5, and MDA 231 breast carcinoma cells. Right lane contains 
highly purified baculoviral human wild type p53 protein. The pH gra- 
dient is indicated on the left. Right panel, identical alitjuots were im- 
mimoblotted to verify comparable loading. Both panels were probed 
with anti-p53 (DO-1). B, immunopredpitation of p53 from small intes- 
tine (lane 2), appendix (lane 3X colon (lane 4X two undifferentiated 
neuroblastomas (lanes 5 and 6) and LAN-5 (lane 7) with CM-1 followed 
by DO-1 blotting. Lane 1 contains no lysate. C, the 421 epitope of 
degradation-resistant p53 is masked independently of its subcellular 
localization. LAN-5 cells were transiently transfected with p53 C-ter- 
minal peptides 305-360 and 320^60. These peptides span the tet- 
ramerization domain and cause nuclear retention of endogenous p53 
due to heterooligomerization and interference with hyperactive nuclear 
export. Shown is the immunofluorescence of parental and transfectant 
cells with PAB 1801 (left column) and 421 (right column). Both anti- 
bodies are specific for endogenous p53. PAb 421 is a modification- 
sensitive antibody that recognizes its epitope (amino adds 372-382) in 
the immodified state. Whereas PAb 1801 recognizes p53 in the cyto- 
plasmic (parental) and nuclear (transfectant) compartment of LAN-5 
cells, PAb 421 gives no signal or only a minimal signal. MDA 231 control 
cells are well recognized by 421. x 400. 
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A pretreatment of the NB lysates does not change the isoform 
profile (data not shown). 

To further support the above findings, we probed NB cells 
with the p53 monoclonal antibody PAb 421, the ability of which 
to recognize its epitope (sunino acids 372-^82) is modification- 
dependent (43-46). We had previoxisly observed in immunoflu- 
orescence assays that the 421 epitope in NB cells with cyto- 
plasmically sequestered p53 is completely masked (47). We 
then asked whether this mEisking was dependent on cytoplas- 
mic localization. To this end, we exploited the effect of co- 
expressed p53 C-terminal polypeptides. These heterooligomer- 
izing peptides specifically cause nuclear retention of 
endogenous p53 in NB cells by disrupting hyperactive nuclear 
export, probably through a combination of burying the intrinsic 
nuclear export signal of p53 and interfering with its Mdm2- 
mediated export (33). This effect is not due to a nonspecific 
titration of CRM I export receptors, because the localization of 
IkBa, a marker shuttling protein, is imaffected by the C-termi- 
nal peptides (33). Transient transfections with plasmids encod- 
ing the p53 polypeptides 305-360 and 320-360 show that the 
421 epitope remains largely unrecognizable despite nuclear 
translocation of p53 (Fig. 4C, compare left and right panels). 
Both PAb 1801 and PAb 421 antibodies are specific for endog- 
enous p53. Yet, whereas the 1801 antibody gives a very strong 
signal, the 421 signal is barely detectable. This clearly shows 
that the 421 epitope of NB p53 is masked constitutively and 
independently of its subcellular localization. These data fur- 
ther support covalent modification of p53 that includes the 
amino acid 372—382 region. 

DISCUSSION 

In this study we investigated the mechanism responsible for 
the abnormal stability of wild type p53 protein, which consti- 
tutively accumulates in the cytoplasm of certain tumor cells 
and embryonic stem cells. Concomitantly, cytoplasmic p53 ac- 
cumulation in such cells is also the hallmark of a defect in p53 
function in response to genotoxic stress and oncogenic trans- 
formation (31, 32, 29, 21, 22). We recently showed that the 
seemingly static sequestration of p53 is due to hyperactive 
export of p53 from the nucleus (33). Functional inactivation of 
p53 in response to stress is therefore promoted by an ineffi- 
ciency in nuclear retention of p53 (31, 32, 29). 

Using transient and stable overexpression assays in neuro- 
blastoma lines, we show here that the abnormal p53 stability of 
the cytoplasmic sequestration phenotype is due to a profound 
resistance of p53 toward Mdm2-mediated degradation. More- 
over, we find that degradation-resistant p53 is associated with 
an altered posttranslational modification profile of the protein. 
This alteration is characterized by loss of positively charged 
moieties and/or gain of negatively charged moieties that in- 
clude the amino acid 372-382 region. The fact that the p53 
isoform profile in NB cells is inverted rather than completely 
novel compared with p53 from other sources suggests that the 
same set of p53 modifying enzymes that are usually at work are 
active in NB cells but that their relative activities are grossly 
altered. Although aberrant phosphorylation is a possibility, our 
attempts to demonstrate it by pretreating immunoprecipitated 
p53 with phosphatases have so far been unconvincing. Future 
work will focus on the precise identification of sites and types of 
modifications in NB p53. The observed 421 epitope masking, 
independent of subcellular localization, is completely consist- 
ent with modification of the amino acid 372-382 region or the 
surrounding area. Furthermore, it coxild be structurally akin to 
the effect seen with p53 delta 30 deletion, which renders the 
protein Mdm2-resistant (20). Examples of complete 421 mask- 
ing have been described for epitope glycosylation in vivo (40), 
protein kinase C-mediated phosphorylation of Ser-378 in vitro 



(44), and partially for p300/CBP-mediated acetylation of Lys- 
373 and Lys-382 in vitro (46). In contrast to NB cells, however, 
select phosphorylation or acetylation of recombinant p53 in 
vitro correlates with activation of p53 sequence-specific DNA 
binding (44, 46). This reinforces the notion that it is the specific 
modification profile of p53 in any given case that determines its 
effects on stability and function of the protein. 

A number of reasons support the conclusion that the cause 
for the abnormal p53 stability in the cytoplasmic sequestration 
phenotype Ues in p53 itself First, the loss of sensitivity is not 
due to a lack of Mdm2 expression or its ability to interact with 
p53, nor is it due to a defect in p53 ubiquitination or global 
proteasome dysfunction. Moreover, endogenous Mdm2 firom 
NB cells is unlikely to be functionally defective in its p53- 
degrading activity because in that case active ectopic Mdm2 
would have overcome the block. Alternatively, could there be a 
defect in the ability of Mdm2 to uindergo nudeocytoplasmic 
shuttling, which was shown to be required for p53 degradation? 
Again, this is unlikely, given the hyperactive export of p53 that 
underlies its cytoplasmic sequestration. Also, a nuclear export 
mutant of Mdm2 (mutant nuclear export signal) failed to fur- 
ther increase the total cellular p53 levels in NB cells (Fig. 2, B 
and C). The cytoplasmic accumulation of p53 also makes it 
unlikely that an abnormality in p300/CBP, both of which are 
nuclear proteins, play a role here. The multifunctional p300 
protein was shown to promote Mdm2-mediated p53 degrada- 
tion in vivo through preformed p300-Mdni2 complexes, possibly 
by enabling the ubiquitin ligase activity of Mdm2 for p53 (10). 
In addition, we showed that p53 ubiquitination is not defective 
in NB cells. 

During viral or cellular oncogene activation of the p53 path- 
way, pl4ARF promotes p53 stabilization by inactivating Mdm2 
(see Ref. 48 for review). As a possible mechanism, pl4ARF 
inhibits the ubiquitin ligase activity of Mdm2 for p53 in vitro 
(19). During the attenuation of a p53 response, two antiparallel 
feed back loops connect p53 with its regulators. p53 up-regu- 
lates its destabilizer Mdin2 and down-regulates its activator 
pl4ARF (18). In theory at least, the observed NB phenotype 
could be explained by constitutive overexpression or hyperac- 
tivity of pl4ARF. However, pl4ARF abnormalities in neuro- 
blastoma have not been reported. Also, if this were the case, 
marked overexpression of Mdm2 in stable NB clones (Fig. 2D) 
shoxiid have overcome the p53 resistance to degradation. 

Interestingly, we had no difficulties in generating stable wild 
type Mdm2 overexpressing neuroblastoma clones. This is in 
contrast to MC^F-7 and U20S cells, which do not tolerate stable 
overexpression of wild type Mdm2 (15), consistent with cell 
cycle arrest activities of the acidic domain of Mdm2 (49). Our 
experience suggests that this arrest ability of Mdm2 is cell 
type-dependent and that its absence might be linked to the p53 
dysfunction present in NB cells. Cytoplasmic sequestration of 
p53 is the hallmark of its hyperactive nuclear export and 
prompted the original observation of this phenotype (21, 22). 
Yet, there is no a priori reason for p53 to accumulate in the 
cytoplasm, because its function might equally well be inacti- 
vated if p53 were immediately degraded after its export. This 
reasoning suggests a link between the two phenomena. p53 
might be unable to lock itself efficiently into the nucleus in 
response to stress because of an aberrant modification that also 
prevents its efiScient degradation by Mdm2. Interestingly, high 
levels of ectopic p53-(Fig. 3, lanes 2), which localized mainly to 
the nucleus, had either nil or only minimal activity in inducing 
transcriptional targets, as demonstrated by the lack of re- 
sponse of the endogenous Mdm2 gene (Fig. 3, A and compare 
lanes 1 and 2). Furthermore, endogenous and exogenous p53 in 
NB cells completely failed to induce apoptosis after DNA dam- 
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age.^ These data farther confirm the profoiind impairment of 
p53 function in NB cells. Taken together, the data suggest that 
hyperactive export of p53 in cells with a cytoplasmic phenotype 
is one of two mechanisms of p53 inactivation. The second mech- 
anism is a functional block in the p53 signaling pathway, either 
on the level of p53 or downstream. 

In summary, our results show the importance of proper 
posttranslational modification of the p53 protein in enabling 
hi^ p53 turnover in resting cells. This level of regulation is 
distinct from the known structural requirements of the Mdm2 
interaction site on the N terminus of p53 and additional C- 
terminal domains on both proteins. Interestingly, phosphoryl- 
ation of the N or C terminus of p53 is not absolutely required 
for stress signal-induced stabilization of p53 (50). Conversely, 
aberrant p53 modification is clearly able to prevent Mdm2- 
mediated degradation in the absence of stress signals as shown 
here. Resistance to other regulators of p53 stability such as 
JNK may also play a role in NB cells (51). A full imderstanding 
of structural and regulatory requirements of Mdm2-mediated 
p53 destruction is critical, given the growing efforts in devel- 
oping cancer agents directed at stabilizing wild type p53 
through Mdm2 targeting, thereby activating p53 function (6, 
52), Phenotypes with constitutive p53 accumulation, be it cy- 
toplasmic or nuclear, will be valuable systems in elucidating 
important mechanisms that regulate p53 turnover. 
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